Glutaredoxin 5 (GLRX5) deficiency has previously been identified as a cause of anemia in a zebrafish model and of sideroblastic anemia in a human patient. Here we report that GLRX5 is essential for iron-sulfur cluster biosynthesis and the maintenance of normal mitochondrial and cytosolic iron homeostasis in human cells. GLRX5, a mitochondrial protein that is highly expressed in erythroid cells, can homodimerize and assemble [2Fe-2S] in vitro. In GLRX5-deficient cells, [Fe-S] cluster biosynthesis was impaired, the iron-responsive element-binding (IRE-binding) activity of iron regulatory protein 1 (IRP1) was activated, and increased IRP2 levels, indicative of relative cytosolic iron depletion, were observed together with mitochondrial iron overload. Rescue of patient fibroblasts with the WT GLRX5 gene by transfection or viral transduction reversed a slow growth phenotype, reversed the mitochondrial iron overload, and increased aconitase activity. Decreased aminolevulinate d, synthase 2 (ALAS2) levels attributable to IRP-mediated translational repression were observed in erythroid cells in which GLRX5 expression had been downregulated using siRNA along with marked reduction in ferrochelatase levels and increased ferroportin expression. Erythroblasts express both IRP-repressible ALAS2 and non-IRP-repressible ferroportin 1b. The unique combination of IRP targets likely accounts for the tissue-specific phenotype of human GLRX5 deficiency.
Introduction
Iron-sulfur clusters [Fe-S] are prosthetic groups that facilitate a wide range of cellular activities, including electron transfer, enzymatic catalysis, and sensing of iron and oxygen (1, 2) . More than 20 proteins are involved in biogenesis of [Fe-S] clusters (3) (4) (5) (6) (7) . Many [Fe-S] biogenesis proteins are located primarily in mitochondria, including the sulfur donor ISCS proteins, the proposed iron donor frataxin, multiple scaffolds including ISCU and NFU as well as molecular chaperones, and redox proteins. [Fe-S] clusters in cytosol are also synthesized by a cytosolic machinery (4, 6, 8, 9) , which in mammalian cells includes alternative isoforms of the sulfur donor, ISCS (10), the major scaffold protein, ISCU (8, 9) , and a possible alternative scaffold, NFU (11) . In humans, because of the presence of iron regulatory protein 1 (IRP1), regulation of cellular iron homeostasis is linked to the [Fe-S] biosynthesis machinery (12) (13) (14) (15) (16) . When IRP1 contains an [Fe-S] cluster, it functions as an aconitase in cytosol, but loss of its [Fe-S] cluster activates binding to RNA stem loops known as iron-responsive elements (IREs) found in either 5′ or 3′ terminal UTR of numerous gene transcripts, most of which encode proteins implicated in iron metabolism. The translation of proteins encoded by transcripts that contain a 5′ IRE is repressed by binding of IRPs, whereas the stability of mRNAs that contain IREs in the 3′ UTR is increased by binding of IRPs. The transcript of aminolevulinate δ, synthase 2 (ALAS2), which catalyzes the first step of heme synthesis in mitochondria of erythroblasts, contains a 5′ IRE, and its translation can be repressed by IRP binding. Mammalian ferrochelatase (FECH) (17) contains a labile [2Fe-2S] cluster that is required for function and stability (18) . Thus, activity of the first and last steps of heme biosynthesis in erythroid cells can be governed by iron-sulfur cluster status of cells, either by determining activity of IRP1 or by directly contributing to activity and/or stability of an iron-sulfur enzyme.
Disruption of [Fe-S] biogenesis can cause serious human diseases (19) . Although these [Fe-S] synthetic components work at different points in the same pathway, different phenotypes arise from inherited mutations in these genes, including Friedreich ataxia (FRDA) (20, 21) , ISCU myopathy (22, 23) , and the recently characterized sideroblastic anemia (SA), associated with a mutation in glutaredoxin 5 (GLRX5) (24) . The patient with GLRX5 deficiency and SA has an A294G mutation in the last nucleotide of exon-1, which impedes intron-1 splicing and dramatically reduces GLRX5 mRNA levels. The patient did not develop symptoms until midlife, when he developed microcytic hypochromic anemia, type II diabetes, cirrhosis, and liver iron overload. Inherited SAs comprise a heterogeneous group of genetic disorders characterized by reduced heme synthesis, mitochondrial iron overload, and the presence of ringed sideroblasts (25) . Other genetic defects that cause SA include mutations of ALAS2 and ABCB7, both of which are on chromosome X, and the resulting SAs are accordingly referred to as X-linked SAs (XLSA). ABCB7 is an ATP-binding cassette transporter on the inner membrane of mitochondria, which has previously been proposed to transport an [Fe-S] compound to cytosol (7, 26) . More recently, a new form of SA was identified, which is caused by mutations of SLC25A38 that may encode an erythroid-specific glycine importer on the mitochondrial inner membrane (27) .
Glutaredoxins (GRX) are small redox proteins generally thought to be important for the reduction of oxidized glutathione (GSH) and/or for removal of GSH modifications of proteins. Under oxidative stress, the cysteine thiol groups of many proteins are protected by the reversible addition of the tripeptide, GSH (γ-Glu-Cys-Gly), in a process known as glutathionylation, and the removal of GSH requires reduction of the disulfide bond formed between the cysteine of GSH and the cysteine thiol of target proteins. Two major classes of GRX are recognized, including monothiol GRX, which contain a CXXS motif, and dithiol GRX, which contain CXXC domains (28, 29) . Saccharomyces cerevisiae has 5 GRX, and the phenotypic defects of GRX5 deficiency were suppressed by overexpression of 2 [Fe-S] cluster biosynthetic proteins, SSQ1 or ISA2, but not by the addition of DTT reductant, suggesting that defects of the GRX5 mutant were not due to the alteration of intracellular redox potential (30) , but rather to a specific role in biogenesis of [Fe-S] clusters. The human genome contains 4 GRX, including a GRX5 homolog and a GRX3/4-like protein known as PICOT (31) . Thus far, there are no known links between PICOT and iron metabolism. Although deficiency of GLRX5 in both zebrafish (32) and a human patient (24) was associated with anemia, the molecular relationship between the anemia and the status of [Fe-S] assembly has not been characterized in GLRX5-deficient mammalian cells.
Here we report that human GLRX5 is essential for mitochondrial [Fe-S] biogenesis. Reconstitution studies reveal that GLRX5 can assemble a [2Fe-2S] cluster, enabling it to function as an [Fe-S] scaffold or sensor. In GLRX5 RNAi cells and GLRX5-deficient patient cells, [Fe-S] synthesis is impaired, and mitochondrial iron overload develops in conjunction with relative cytosolic iron depletion. Transcriptional remodeling in response to cell stress may account for cytosolic iron depletion, which activates IRPs, repressing ALAS2 synthesis in erythroid cells and thus inhibiting heme synthesis in GLRX5 deficiency.
Results

GLRX5 is a component of mitochondrial [Fe-S] machinery. As it has been
previously demonstrated that GRX5 is involved in iron-sulfur cluster biogenesis in yeast and zebrafish (30, 32) , we hypothesized that a GRX5 human homolog (GLRX5) was required for biogenesis of [Fe-S] clusters in humans. To determine whether GLRX5 was expressed in mitochondria, we performed immunofluorescence staining of endogenous GLRX5 in HeLa cells. In confocal microscopic imaging, GLRX5 expression colocalized with a mitochondrial marker (Figure 1A) . By subcellular fractionation and Western blot, GLRX5 was predominantly detected in the mitochondrial fraction ( Figure 1B) , and we concluded that GLRX5 is a mitochondrial protein.
To study its function, we performed GLRX5 RNAi in HeLa S3 cells. Four siRNA oligos were designed and used to transfect cells. Western blot analysis showed that GLRX5 was reduced to less than 10% by each oligo ( Figure 2A ). As both a mitochondrial and a cytosolic form of aconitase, each of which is encoded by a distinct gene, require a [4Fe-4S] cluster for activity (33) , we investigated the activity of each isoform in GLRX5-deficient cells. Mitochondrial aconitase enzymatic activity was decreased 2-fold ( Figure 2 , A and B), while cytosolic aconitase activity was not significantly changed. Since the protein level of aconitases did not change significantly between samples and controls (Figure 2A ), the reduction of mitochondrial aconitase activity implied a defect in [Fe-S] cluster assembly. To discern whether there was a subtle effect on [Fe-S] proteins in cytosol, we measured the activity of xanthine oxidase (XO), a [2Fe-2S] enzyme in cytosol. XO activities were all decreased by approximately 30%-50% by GLRX5 RNAi ( Figure 2C ). Taken together, GLRX5 knockdown affected the assembly of both [4Fe-4S] and [2Fe-2S] clusters, either in mitochondria or in cytosol. We concluded that GLRX5 is a component of the mitochondrial [Fe-S] synthesis machinery in humans.
Effects of GLRX5 depletion on cellular iron homeostasis. The bifunctional protein IRP1 converts from an active cytosolic aconitase to an IRE-binding protein that regulates intracellular iron metabolism upon loss of its [4Fe-4S] cluster (12) . Together with another homolog, IRP2, IRP1 increases expression of the iron uptake protein transferrin receptor 1 (TfR1) and inhibits expression of the iron sequestration protein, ferritin, in cells that are iron depleted. We investigated the status of cellular iron homeostasis in GLRX5-depleted cells. The assays showed that total cellular nonheme iron was increased 1.4- to 2.2-fold in GLRX5-deficient cells ( Figure 2D ), indicating that cellular iron homeostasis was disrupted by GLRX5 depletion. We next studied the subcellular distribution of iron overload, focusing on the mitochondrial and cytosolic fractions, 2 major potential iron repositories in mammalian cells. The total nonheme iron assay on lysate fractions showed that mitochondrial iron of RNAi samples was increased 2.3-fold over control levels, whereas cytosolic iron levels were not statistically different between RNAi samples and controls ( Figure 2E ). These results indicated that most of the accumulated iron was stored in mitochondria.
The iron status in cytosol was further examined by Western blotting of IRP2 and H-ferritin. IRP2 undergoes iron-dependent degradation in iron-replete cells, whereas IRP2 levels increase in cells that are depleted of cytosolic iron (12) . In contrast, expression of H-ferritin, the iron storage protein in cytosol, increases in iron replete and decreases in iron depleted cells because of translational regulation by IRP proteins. We observed that IRP2 was increased 4-fold in GLRX5-depleted cells, whereas H-ferritin was decreased to 30% of control levels (Figure 2 , F and G), suggesting that the cytosol was relatively iron deficient compared with controls. These results suggested that GLRX5 depletion causes mitochondrial iron overload in conjunction with relative cytosolic iron deficiency and that GLRX5 is important to cellular iron homeostasis.
GLRX5 functions as a potential [Fe-S] (34) (35) (36) (37) . Most of the GLRX5 proteins from mammals and other vertebrates contain the motif CGFS and are monothiol GRX in which an iron-sulfur cluster bridges 2 subunits, using the cysteine from the CGFS motif of each monomer as a ligand (34, 35) (Figure 3A ). To determine whether human GLRX5 can bind an [Fe-S] cluster, we performed in vitro [Fe-S] cluster reconstitution with recombinant GLRX5. Before reconstitution, the purified recombinant protein was colorless and showed only the A280 absorption peak that reflects protein in UV-vis spectrophotometry ( Figure 3B ). However, after reconstitution and subsequent purification, the protein acquired a dark brown color and displayed additional strong absorption peaks at 330 and 420 nm, with a little shoulder at 520 nm ( Figure 3C ), an absorption pattern In GRX that have been reconstituted thus far, a catalytic cysteine residue from each monomer is required to ligate the [Fe-S] cluster, along with 2 GSH molecules, and several conserved residues are thought to be involved in docking of the GSH ligand to the protein (35) . We next investigated the involvement of several conserved residues, K59, C67 (in the CGFS active domain), T108, and D123, by site-directed mutagenesis and subsequent reconstitution ( Figure 3A ). Mutagenesis of residues K59Q, C67S, and T108V abolished the characteristic [Fe-S] absorbance pattern after reconstitution (Figure 3 , E-G), indicating that the assembly of an [Fe-S] cluster in human GLRX5 requires these residues, likely for docking of the GSH ligand. These data suggest that human GLRX5 may function as a potential [Fe-S] scaffold, similar to the plant GRX, AtGrxS14, and AtGrxS16 ( Figure 3A ), which are proposed to function as scaffold proteins (34) .
A potential additional role of GLRX5 in erythropoiesis. The expression profile of a gene in various tissues can give potential clues about function, and a bioinformatics analysis showed that human GLRX5 is minimally expressed in all tissues, but is highly expressed in CD71 early erythroid cells of bone marrow (data not shown). The expression pattern of GLRX5 is very similar to those of human ALAS2 and FECH, which are involved in heme biosynthesis in erythroid tissues. To experimentally verify the tissue-specific expression of mammalian GLRX5, we performed in situ hybridization of GLRX5 in adult mouse tissues. GLRX5 transcripts were expressed at low levels in liver, kidney, lung, heart, testis, and skeletal muscle, consistent with previously reported results (ref. 34 and data not shown). In contrast, GLRX5 was abundantly expressed in bone marrow cells and some parts of brain including the hippocampus and cerebellum (particularly in Purkinje cells, granule cells, and deep cerebellar nuclei) (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI40372DS1). Further analysis of GLRX5 transcripts by quantitative RT-PCR (qRT-PCR) with sorted cells from mouse bone marrow revealed that GLRX5 was at least 100-fold more expressed in erythroblast cells than in macrophages and any other bone marrow cells (Supplemental Figure 2A) . The expression analysis implied that GLRX5 may have an important role in erythropoiesis and also in cerebellar neuronal function. The markedly high expression of GLRX5 in erythroblasts suggests that the promoter of this gene could be selectively activated in erythroid lineage cells during erythropoiesis, and we have observed that GLRX5 levels increase in differentiating MEL cells, a mouse erythroid cell line (Supplemental Figure 2 , B-D).
To determine whether GLRX5 is required for heme synthesis and erythropoiesis, we performed GLRX5 knockdown experiments in an erythroid K562 cell line. GLRX5 was reduced to less than 10% by siRNA oligo treatment ( Figure 4A ). H-ferritin expression was also markedly decreased, consistent with IRP-mediated translational repression ( Figure 4A ). Under iron depletion, ALAS2 expression could be potentially inhibited by IRPs, as was demonstrated in GLRX5-knockout zebrafish (32) , because it contains an IRE in its 5′ UTR. Indeed, ALAS2 levels were significantly decreased in GLRX5-depleted K562 cells ( Figure 4B ). Unexpectedly, protein levels of another heme synthesis protein, FECH, were also decreased by GLRX5 knockdown ( Figure 4A ). Both ALAS2 and FECH are important enzymes in heme biosynthesis in erythroid tissues (17) , and heme content was accordingly decreased 25%-36% in siRNA-treated K562 cells ( Figure 4C ). In contrast, neither FECH protein levels nor heme content were decreased in siRNA-treated HeLa S3 cells (Supplemental Figure 3) . Therefore, the effect of GLRX5 depletion on FECH protein and heme synthesis appeared to be specific for erythroid cells. Taken together, these data indicated that in addition to a general function in [Fe-S] synthesis and cellular iron homeostasis (Figure 2 ), the human GLRX5 has an important role in erythropoiesis.
Disruption of cellular iron homeostasis in an SA patient with a GLRX5 mutation. Recently, a patient with SA and a mutation that caused abnormal splicing of GLRX5 was identified in Italy (24) . To better understand the pathogenesis of this GLRX5-associated SA, we studied iron homeostasis in a lymphoblast cell line and fibroblasts derived from the patient. As shown by Western blot, we established that GLRX5 protein was undetectable in patient lymphoblasts and fibroblasts ( Figure 5, A and B) . Since GLRX5 is a component of [Fe-S] synthesis machinery (Figure 2 ), we measured the activity of mitochondrial and cytosolic aconitases. Mitochondrial aconitase activity was undetectable ( Figure 5C ), and cytosolic aconitase activity was decreased to less than 10% ( Figure 5C ), even though protein levels of IRP1 did not change ( Figure 5D ). As expected, absence of the [Fe-S] cluster of IRP1 resulted in markedly increased IRE-binding activity ( Figure 5D ). To assess the status of other [Fe-S] proteins, we evalu-
Figure 4
Knockdown of GLRX5 in K562 cells by siRNA reveals that GLRX5 is specifically required for heme synthesis in erythroblasts. (A) GLRX5 in K562 cells was knocked down by 4 siRNA oligos (1 to 4), respectively. WT, mock, and neg are negative controls. α-tubulin is loading control for the Western blots. (B) Western blot of ALAS2. α-tubulin is loading control. (C) Cellular heme quantitation. y axis shows the unit of heme concentration (μM/100 μg lysate). For treatments by ologo 1-4, P = 0.018, 0.04, 0.001, and 0.027, respectively. *P < 0.05; **P < 0.01. Results represent averages of 3 replicates, and error bars are indicated.
ated complex I, a major multimeric complex on the inner mitochondrial membrane that contains 2 [2Fe-2S] and 6 [4Fe-4S] clusters that relay electrons through the complex (38) . Complex I activities were decreased to 20% of normal, whereas quantities of complex I protein were diminished less notably to approximately 40% of normal in patient fibroblasts ( Figure 5E ). These results indicated that [Fe-S] cluster biogenesis was severely impaired in the patient, with loss of aconitase activity, decrease of complex I activity, and activation of the IRE-binding activity of IRP1 (cytosolic aconitase) in patient fibroblasts, as indicated by band shift assay ( Figure 5D ).
Since the mammalian heme synthesis protein, FECH, contains a [2Fe-2S] cluster (39), we tested to determine whether FECH levels were affected in the GLRX5-deficient patient cells. By Western blot, FECH protein levels were not changed in fibroblasts of the patient versus control ( Figure 5B ). In contrast, FECH levels in the patient lymphoblast cell line were decreased to 16% of WT control ( Figure 5 , A and F), whereas levels of the inner mitochondrial membrane protein, ABCB7, were not decreased in patient cells. These results implied that the reduction in FECH levels of patient lymphoblast cells was not associated with reductions in other mitochondrial proteins. We had previously demonstrated that FECH protein was reduced in GLRX5-depleted K562 erythroid cells (Figure 4) but not in HeLa S3 epithelial cells (data not shown). As both lymphoblast and erythroid cells are hematopoietic tissues, these results are consistent with the possibility that GLRX5 has a specific role in the heme biosynthetic pathway of hematopoietic cells, perhaps functioning as a specific [2Fe-2S] donor to FECH.
[Fe-S] biogenesis and heme biosynthesis are among the most important pathways of cellular iron metabolism (40), and we have observed that the machineries of both processes are impaired in the patient. We further analyzed the cellular iron distribution in patient cells using the Perls DAB iron stain, and we identified punctate iron deposits in a pattern consistent with mitochondrial iron overload in fibroblasts derived from the patient ( Figure 5G ), whereas iron staining was diffuse in cytosol and nuclei of WT fibroblasts. The intensity of mitochondrial staining identified with the mitochondrial marker Tom20 was somewhat attenuated in fibroblasts from the patient, perhaps indicating some mitochondrial compromise ( Figure 5G ). To more directly evaluate cytosolic iron status, we measured IRP2 levels as an indicator of cytosolic iron status, and we found that IRP2 levels were increased 2.4-fold in fibroblasts of the GLRX5-deficient patient ( Figure 5 , B and H), consistent with cytosolic iron depletion. The pattern of mitochondrial iron overload occurring in conjunction with evidence for cytosolic iron deficiency in GLRX5 patient cells is consistent with our findings on the siRNA-treated HeLa S3 cells (Figure 2 , E-G) and is also very similar to our observations in cells from patients with a deficiency of ISCU (22, 23) .
Rescue of GLRX5-deficient fibroblasts by transfection or transduction.
To further confirm that the phenotype of the patient fibroblast cells is due to a lack of GLRX5, we performed rescue experiments by introducing a cDNA sequence of WT human GLRX5 gene into the patient cells by either plasmid transfection or viral transduction. Using the Neon Transfection System, the transfection efficiency on primary human fibroblast cells was over 55%. Upon transfection of the patient cells with the GLRX5-contain- ing plasmid (pCMV-GLRX5 as described in Methods), the cell growth rate increased significantly ( Figure 6A ), and the doubling time decreased to 4-5 days from 8-10 days for control cells. Additionally, cell morphology changed from thick cell bodies with few extensions to long, thin cells with numerous extensions ( Figure 6A ). The expression of GLRX5 protein was confirmed by immunofluorescence experiments, in which control patient cells lacked any GLRX5 signal, while the rescued patient cells demonstrated significant GLRX5 fluorescence ( Figure 6B ). The GLRX5 fluorescence colocalized with Tom20, a mitochondrial marker. Furthermore, Tom20 fluorescence was overall stronger in rescued cells, suggesting that the presence of GLRX5 improved mitochondrial morphology. Further, rescue experiments were also performed using viral transduction methods. A WT gene sequence of human GLRX5 was inserted into an HIV1 lentiviral vector (41) upstream of a GFP open reading frame, and an internal ribosome entry site (IRES) sequence in between the 2 open reading frames allowed translation of these 2 proteins separately in host cells. The occurrence of GFP fluorescence in transduced cells indicated that GLRX5 was also expressed ( Figure 6C ), but GFP fluorescence was weaker in cells rescued with the GLRX5-GFP compared with GFP alone, probably because the translation of GFP driven by the IRES was less efficient than the translation driven by the CMV promoter. Likely for the same reason, we counted a lower GFP percentage (ratio of GFP expressed cell number to total cell number) for GLRX5-rescued cells on day 0 (Figure 6C ), although they were expected to be similarly transduced because of the transduction efficiency of the lentiviral vector. From day 0 to day 16, the GFP percentage was always around 40% in control cells transduced with GFP alone ( Figure 6C ). In contrast, the percentage of GFPpositive cells increased from 16% on day 0 to 82% on day 16 in GLRX5-rescued cells. These results indicated that the rescued cells were gaining a growth advantage over nonrescued counterparts, and they also suggested that GLRX5 is required for normal cell growth. In addition, the GLRX5-rescued cells had long graceful extensions, whereas cell bodies of nonrescued cells were wide and processes were attenuated ( Figure 6E ), consistent with results observed in transfection experiments ( Figure 6A ). Next, we investigated the mitochondrial iron overload, a hallmark of the GLRX5 deficiency phenotype. Similar to the original patient cells, the control cells transfected with pCMV alone or transduced with GFP alone demonstrated profound punctate iron deposits, suggesting mitochondrial iron accumulation ( Figure 6D ). In contrast, rescue of patient cells resulted in loss of mitochondrial iron overload, as confirmed by both transfection and transduction experiments. Finally, we measured cellular aconitase activity, which contains [Fe-S] clusters. The aconitase activity of patient fibroblasts was restored to over 60% of WT cells by GLRX5 viral transduction ( Figure 6E ). The success of rescuing GLRX5-deficient patient cells using lentivirus in this study suggests that gene therapy could be a promising treatment for other GLRX5-deficient patients that may be diagnosed in the future. Transcriptional remodeling in patient fibroblast cells. To understand the phenotype of mitochondrial iron overload and cytosolic iron deficiency in fibroblast cells derived from the patient, we performed a microarray analysis (Supplemental Table 1 ) and confirmed many of the changes of iron metabolism genes by qRT-PCR. Total GLRX5 transcripts were decreased 6-fold in patient fibroblasts ( Figure 7A ). Since the gene mutation interferes with normal splicing (24) , the decrease of GLRX5 mRNA suggested that unspliced GLRX5 transcripts were largely degraded. We analyzed expression of cellular iron import proteins, including TfR1, and divalent metal transporter 1 (DMT1) and duodenal cytochrome B (Dcytb) genes. TfR1 transcripts were not significantly changed (not shown), whereas DMT1 and Dcytb transcripts in patient cells were increased 1.7-fold and 1.8-fold, respectively ( Figure 7B ), which could support increased iron import into cells. To attempt to understand the phenomenon of mitochondrial iron overload that is observed in cells with compromised [Fe-S] biogenesis, we evaluated expression levels of the identified mitochondrial iron importers, mitoferrin 1 and 2 (42) , but the transcript levels of these genes were not significantly changed (data not shown). It remains to be investigated how the patient cells overaccumulate iron in mitochondria, but many unannotated candidates for this process are contained within the array results. Mitochondrial ferritin (FTMT), which is thought to prevent reactive oxygen species and protect mitochondrial [Fe-S] enzymes (43) , was observed to be increased in erythroblasts from SA patients (44) and in erythroblasts derived from the GLRX5-deficient patient (C. Camaschella et al., unpublished data). However, FTMT mRNA levels were decreased 6-fold in fibroblasts derived from this GLRX5-deficient SA patient ( Figure 7C ), suggesting that regulation may vary among different tissues. Transcription of both heme oxygenase 1 (HMOX1) and ferritin can be induced in response to stresses such as oxidative stress and heavy metals (45) . Our analysis revealed that HMOX1 transcripts were increased approximately 15-fold and L-ferritin transcripts were increased 2.3-fold in patient cells ( Figure 7D) . Together, the enhanced expression of these genes suggested that oxidative stress developed in patient cells. Interestingly, the expression of the iron exporter ferroportin (FPN1) was increased 5-fold in patient cells ( Figure 7D ), and inspection of the FPN1A promoter revealed that it contained several transcription factor cassette motifs in common with the promoter of HMOX1, including the Genomatix-defined transcription modules NR2F SP1F 01 (46) , KLFS KLFS NFKB 01 (47) , and CREB EBOX 01 (48) . These transcription modules share a common feature of being involved in stress responses, and their presence in the ferroportin promoter suggests that ferroportin is among the genes activated by some classical stresses. Since the role of FPN1 is to export iron out of the cell, the increased FPN1 expression perhaps contributes to the iron deficiency in cytosol observed in GLRX5-deficient patient cells.
Increased FPN1 expression in part accounts for the erythroid-specific phenotype of GLRX5 deficiency. To determine whether the protein level of FPN1 was indeed increased in GLRX5-depleted cells, we performed FPN1 Western blots after GLRX5 siRNA treatment on cells from the erythroid cell line K562 and the nonerythroid cell line HeLa S3. GLRX5 protein levels were decreased to undetectable levels by siRNA treatment in both cell lines ( Figure 8A ). FPN1 protein levels increased about 1.5-fold in GLRX5-depleted erythroid cells from the K562 cell line ( Figure 8A ), whereas FPN1 protein levels were not significantly altered by GLRX5 depletion in the nonerythroid cell line HeLa S3 ( Figure 8A ). qRT-PCR data revealed that the total FPN1 transcripts were increased 2-to 3-fold in GLRX5-depleted K562 cells ( Figure 8B ), similar to the increase measured in the patient fibroblast cells ( Figure 7D) . Therefore, the FPN1 mRNA levels increased in multiple cell types, but FPN protein levels increased only in erythroid precursors. This discrepancy is likely due to the presence of a newly identified FPN1 mRNA variant, FPN1b, in erythroid precursors. By alternative transcription and splicing, the FPN1 gene expresses 2 mRNAs, FPN1a, which contains a 5′ terminal IRE and is translationally repressed by IRP proteins, and FPN1b, which does not contain the IRE and therefore evades the IRP repression (49) . Thus far, the FPN1b transcript has been observed only in erythroid cells and duodenum. Our qRT-PCR results indicated that FPN1b was abundantly expressed in K562 cells and was increased 1.5- to 2-fold in GLRX5-depleted cells ( Figure 8B ). Since this transcript cannot be repressed by IRPs, it allows FPN1 protein levels to increase in erythroid cells even under GLRX5 depletion, which could worsen the relative iron deficiency in cytosol. Thus, the tissue-specific increase of FPN1b levels may in part account for the erythroid phenotype caused by GLRX5 deficiency by mediating a real increase in ferroportin expression.
Discussion
Here we have shown that GLRX5 is a mitochondrial protein required for iron-sulfur cluster biogenesis. GLRX5 can assemble a [2Fe-2S] cluster when GSH ligands are present in vitro, and it may function as a [2Fe-2S] donor in vivo. GLRX5 knockdown experiments in HeLa cells revealed that diminished mitochondrial aconitase activity was associated with mitochondrial iron overload and markedly increased levels of IRP2, an indication that cytosolic iron levels were decreased. In erythroid cells, GLRX5 knockdown resulted in decreased expres-
Figure 9
A working model to describe how GLRX5 deficiency in erythroblasts impairs heme biosynthesis, depletes cytosolic iron, and potentially causes SA. GLRX5 contributes to [Fe-S] cluster biogenesis and mitochondrial iron homeostasis in every tissue. Like many other [Fe-S] synthetic proteins, the deficiency of GLRX5 leads to mitochondrial iron accumulation. As reported in this study, GLRX5 has an additional role in erythropoiesis. In normal erythroblasts, ALAS2 and FECH are upregulated to generate large amounts of heme during erythropoiesis or DMSO-induced differentiation. GLRX5 is required to maintain mitochondrial iron homeostasis, which then allows normal ALAS2 protein translation and supports formation of FECH holo-protein. In GLRX5-deficient erythroblasts, GLRX5 deficiency impairs mitochondrial [Fe-S] biogenesis, induces relative cytosolic iron depletion, and activates IRE-binding activity of both IRP1 and IRP2. ALAS2 is repressed by IRPs; FECH is degraded in the absence of [Fe-S] clusters, and heme biosynthesis is accordingly impaired. In addition, the increased ferroportin (FPN1) generated from a non-IRE containing transcript (FPN1b) may deplete cytosolic iron in the GLRX5-deficient erythroblasts. GLRX5-deficient nonerythroblasts do not express ALAS2 and do not need much FECH to synthesize heme. They also express FPN1a, a transcript that contains an IRE, and is subject to translation repression from activation of IRE-binding activity. Therefore, the disturbance to heme synthesis is minimal, and nonhematopoietic tissues do not demonstrate significant phenotypes.
sion of ferritin, ALAS2, and FECH. ALAS2 catalyzes the first reaction of heme biosynthesis in erythroid cells, and FECH catalyzes the last, and decreased ALAS2 and FECH expression were associated with decreased heme content. Activation of IRE-binding activity was demonstrated in fibroblasts from a patient with a splicing mutation that rendered GLRX5 protein undetectable both in lymphoblasts and fibroblasts. Increased IRE-binding activity repressed ferritin translation in several cell types and was also expected to repress ALAS2 translation in erythroid cells because ALAS2 contains an IRE in its 5′ UTR. As expected, but not previously directly observed, ALAS2 protein levels were reduced in GLRX5-deficient erythroid cells. In addition, FECH levels were diminished in erythroid cells. We speculate that GLRX5 may be required to donate the [2Fe-2S] cluster to human FECH, and recent work has demonstrated that FECH is unstable when it does not acquire its [2Fe-2S] cluster (18) . FECH levels were diminished in lymphoblasts from the patient, but not in fibroblasts from the same patient, indicating some tissue specificity in FECH stability when [Fe-S] biogenesis is impaired.
In GLRX5 knockdown experiments, we showed that mitochondrial aconitase activity was diminished by GLRX5 siRNA treatment, but cytosolic aconitase activity was not significantly changed. These results implied that GLRX5 has a direct role in mitochondrial [Fe-S] biogenesis. We hypothesize that GLRX5-deficient cells fail to correctly assess mitochondrial iron status, and they therefore import more iron into mitochondria or export less, leading to mitochondrial iron overload and concomitant cytosolic iron deficiency. Under cytosolic iron deficiency, IRP2 levels are expected to increase, as was observed, and eventually cytosolic aconitase activity would decrease as a result of cytosolic iron depletion and loss of the iron-sulfur cluster required for aconitase activity. IRP1 is a bifunctional protein that converts from activity as a cytosolic aconitase when it contains an intact [4Fe-4S] cluster to an IRE-binding protein when the cluster is absent, and IRE-binding activity of IRP1 would accordingly increase in GLRX5-deficient cells. In fibroblasts from the GLRX5-deficient patient, we observed decreased cytosolic aconitase activity and increased IRE-binding activity in a gel shift assay, as expected.
Although the proteins of the glutaredoxin family are suggested to perform multiple functions, including reduction of disulfide bonds and de/glutathionylation (28) , the exact function of GLRX5 in [Fe-S] biogenesis has not yet been fully characterized. Based on prior experiments in the yeast model system, some have suggested that GLRX5 regulates activities of IscS and IscU in the [Fe-S] machinery by addition to or removal of GSH groups from active site cysteines (30, 50) , whereas others concluded that GLRX5 is involved in an [Fe-S] cluster delivery from scaffold IscU to target proteins (51) . Recently, a number of glutaredoxin proteins were found to ligate [2Fe-2S] clusters in vitro. The discovery that plant monothiol GRX bind a [2Fe-2S] cluster has led to the proposal that these monothiol GRX function as scaffold proteins that deliver [2Fe-2S] clusters to specific recipient target proteins (34) . Our observation that a [2Fe-2S] bridging cluster can be reconstituted on human GLRX5 is consistent with this hypothesis. In the reconstituted holo-GLRX5, the catalytic residue C67 and external GSH are required to ligate the [2Fe-2S] cluster between 2 monomers. Point mutagenesis revealed that K59, T108, and D123 residues were likely involved in the docking of the GSH ligand to GLRX5 protein. Thus, as suggested for its plant counterparts (AtGrxS14 and AtGrxS16) (34), GLRX5 could function as a potential scaffold, delivering the preassembled [2Fe-2S] cluster to target proteins.
A possible cause for the observation that relative cytosolic iron deficiency occurs in conjunction with compromise of [Fe-S] biogenesis (52) was revealed by gene profiling, in which we observed that HMOX1 and ferroportin transcript levels increased markedly in GLXR-deficient cells, likely in response to the stress associated with functional failure of [Fe-S] proteins. With the disruption in mitochondrial iron homeostasis caused by defective [Fe-S] assembly in yeast, reactive iron can compete with manganese for binding to SOD2, and iron binding to eukaryotic SOD2 irreversibly inactivates the SOD enzyme, thus leading to oxidative stress (53, 54) . Diminished expression of FTMT mRNA in GLRX5-deficient fibroblasts could also contribute further to the damage from mitochondrial iron overload by failing to provide a protein that can sequester mitochondrial iron. Cytosolic iron deficiency may contribute to the slow-growth phenotype observed in Caenorhabditis elegans that lack GLRX5 and in fibroblasts and lymphoblasts from the GLRX5-deficient patients. Notably, we demonstrated here that the slow growth of the GLRX5-deficient patient fibroblasts was reversed by GLRX5 expression.
Hereditary mutations of several different [Fe-S] synthetic genes are known to cause human disorders (19) , including mutations in the gene of the proposed iron donor, frataxin in FRDA, in the iron-sulfur cluster scaffold protein ISCU in patients with hereditary myopathy, and in the SA patient discussed in this paper. Although these mutations affect the same basic process, the manifestations of disease differ greatly; heart and brain are the primary affected tissues in FRDA, whereas skeletal muscle is affected in ISCU myopathy, and erythroid cells are adversely affected in the GLRX5-deficient patient, raising the question of why symptoms and affected tissues are so variable. The mutations of ISCU myopathy and GLRX5-related SA are caused by splicing defects, whereas mutations of ABCB7 that cause inherited SA/ataxia syndrome are missense mutations. Thus, one possible reason for tissue specificity may be that splicing defects are tissue specific.
However, a tissue-specific splicing defect cannot explain the GLRX5-caused SA, since we have shown that GLRX5 is absent in both hematopoietic (lymphoblast) and nonhematopoietic (fibroblast) cells. We suggest that SA occurs with GLRX5 deficiency mainly because ALAS2, which is expressed almost exclusively in erythroid cells, contains an IRE in its 5′ UTR that renders it susceptible to translational repression by IRPs. The defect in regulation of mitochondrial iron homeostasis caused by loss of GLRX5 also affects nonerythroid cells, as we demonstrated with GLRX5 knockdown experiments and in patient fibroblasts, but many effects may remain below the threshold for clinical detection, whereas repression of ALAS2 in erythroid cells causes profound symptoms (Figure 9 ).
We propose that the tissue-specific phenotype of human GLRX5 deficiency depends not only on the erythroid-specific expression of ALAS2, which contains an IRE and is translationally repressed by IRPs, but also on the expression of ferroportin 1b, a ferroportin transcript that lacks an IRE and cannot be repressed by IRPs. Increased expression of both FPN transcripts likely occurs in response to stress caused by mitochondrial failure to synthesize iron-sulfur clusters and to correctly regulate iron homeostasis, but the expression of ferroportin 1b then exacerbates the cytosolic iron depletion and further misregulates iron homeostasis in erythroid precursors. Thus, GLRX5 deficiency would be expected to impair [Fe-S] biogenesis in many tissues, but only in erythroid precursors would the unique profile of IRP targets cause a clinically significant syndrome. We propose that as more [Fe-S] syn-thetic components are identified and characterized, more insights into possible causes of tissue specificity for diseases of Fe-S biogenesis may be discovered.
Methods
Cell culture. Human epithelial HeLa S3, HeLa cells, skin fibroblast cells (ATCC), and fibroblast cells derived from the GLRX5 mutation patient (24) were maintained in DMEM containing 10% FBS, 2 mM l-glutamine, and 100 U/ml PenStrep. The patient gave informed consent, and studies were approved by the institutional review board of the Università VitaSalute. Human erythroid K562 cells (ATCC) and lymphoblast cells were maintained in RPMI 1640 medium containing 10% FBS, 2 mM l-glutamine, and 100 U/ml PenStrep. Lymphoblast cells derived from the GLRX5 mutation patient (24) were maintained in RPMI 1640 medium (Lonza) containing 20% FBS, 2 mM l-glutamine, and 100 U/ml PenStrep.
RNAi. Four siRNA oligonucleotides were synthesized by QIAGEN and used to transfect cells. The target sequences in GLRX5 genes were as follows: oligo 1: AAGAAGGACAAGGTGGTGGTC; oligo 2: AAGTGTACCT-CAATGGCGAGT; oligo 3: CTGGTGTTCGGGCTAAGAATA; and oligo 4: CTGTATTATGATATTGCTGTA. A nonspecific oligo (QIAGEN) that is not complementary to any human genes was used as a negative control. HeLa S3 cells were transfected with lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. To transfect K562 cells, HiPerFect reagent (QIAGEN) was used following the manufacturer's protocol.
Immunofluorescence staining and enhanced Perls DAB iron staining. HeLa cells were grown on the coverslip in a 6-well plate to 40%-60% confluency. Rinsed in PBS buffer, the cells were fixed with 4% paraformaldehyde and 0.1% Triton X-100, and blocked with 10% FBS. Cells were subsequently incubated with primary antibodies (GLRX5, 1:1500 dilution; and Tom20, 1:500 dilution) and secondary antibodies (Alexa Fluor 488-conjugated goat anti-rabbit antibody and Alexa Fluor 546-conjugated goat antimouse antibody) separated by thorough PBS rinses. Mounted slides were examined under confocal microscope LSM 510 (Zeiss). Enhanced Perls DAB cellular iron staining was performed as described (9) .
Enzyme assay, transcript, and iron quantitation. Aconitase activity in-gel assay and band-shift assay were performed as described (9) . XO activity was assayed using Amplex Red XO Assay Kit (Molecular Probes). Complex I activity and quantity were assayed using Human Complex I Activity Assay Kit and Quantity Assay Kit (MitoSciences). Gene transcripts were quantified by real-time RT-PCR. Total RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCR was performed using CYBR green PCR Master Mix (Applied Biosystems) on ABI Prism 7000 Sequence Detection System (Applied Biosystems). Primers used are shown in Supplemental Table  1 . Cellular heme was quantified using QuantiChrom Heme Assay Kit (BioAssay Systems). Cellular nonheme iron was quantified using QuantiChrom Iron Assay Kit (BioAssay Systems). Subcellular fractions of mitochondria and cytosol were prepared using Mitochondria Isolation Kit For Mammalian Cells (Pierce).
GLRX5 protein purification and site-directed mutagenesis. The mature sequence of human GLRX5 was cloned into pET28a vector (Novagen) with an N-terminal His6 tag. The resulting plasmid was transformed into BL21 cells for the expression of recombinant protein. His-tagged GLRX5 was purified as described (55) . The His6 tag was cleaved by Thrombin Cleavage Capture Kit (Novagen). The purified recombinant GLRX5 was used in raising polyclonal antibody and in vitro [Fe-S] reconstitution. The amino acid substitution was performed using QuikChange Site-Directed Mutagenesis Kit (Stratagene). Mutant GLRX5 proteins were expressed and purified as described above. Primers used are shown in Supplemental Table 2 .
Anaerobic [Fe-S] reconstitution. [Fe-S] clusters
were reconstituted into purified GLRX5 proteins in an anaerobic chamber. The reconstitution mixture contained 200 μM GLRX5 protein, 5 mM DTT, 2 mM GSH, 2 mM lithium sulfide (Sigma-Aldrich), and 2 mM ferrous chloride. After 2 hours incubation at room temperature, protein was purified by a PD-10 desalting column (GE Healthcare) and subsequently by a HiTrap Q HP column (GE Healthcare). All buffers for purification contained 1 mM GSH. The finally recovered holo-GLRX5 fraction was concentrated by Amicon Ultra Centrifugal Filter Device (Millipore). UV-vis spectrophotometry of holo-GLRX5 was performed using NanoDrop ND-1000 (Thermal Scientific). Mossbauer analysis of holo-GLRX5 was performed as described (11) .
Transfection and transduction. To rescue patient fibroblast cells, a WT GLRX5 sequence was cloned into pCMV-3tag plasmid (Stratagene). The resulting plasmid pCMV-GLRX5 was introduced into patient cells grown on a 24-well plate by Neon Transfection System (Invitrogen). A WT GLRX5 sequence was also cloned to an HIV1 viral vector. The resulting virus HIV1-GLRX5 expresses both GLRX5 and GFP in a single mRNA with an IRES sequence between them, allowing separate translation of the 2 proteins. The viral vector was used to transduce patient cells as described.
Antibodies. GLRX5 antibody was raised against purified recombinant GLRX5 protein in rabbit (Covance) and affinity purified using pure proteins coupled on the medium of CNBr-activated sepharose 4B (Amersham Pharmacia). Antibodies for m-aconitase, FECH, IRP1, IRP2, and H-ferritin were as described (9, 56) . ALAS2 antibody was raised as described (57) and affinity purified using recombinant ALAS2 protein. Other antibodies were α-tubulin (Sigma-Aldrich), SOD2 (Abcam), ABCB7 (Santa Cruz Biotechnology Inc.), Tom20 (Santa Cruz Biotechnology Inc.), Alexa Fluor 488-conjugated goat anti-rabbit antibody, and Alexa Fluor 546-conjugated goat anti-mouse antibody (Molecular Probes).
In situ hybridization of mouse tissues. Mouse full-length GLRX5 sequence in pCMV-SPORT6.1 (Invitrogen) was linearized at either end and used to prepare sense and anti-sense probes. In situ hybridization was performed on mouse tissues as described (56) .
Bioinformatics. Transcription module analysis of gene promoters was performed using Genomatix tools (www.genomatix.de). Tissue-specific gene expression analysis was performed using an online tool (BioGPS; http://biogps.gnf.org/#goto=welcome). The gene knockdown phenotype was analyzed using a worm database (www.wormbase.org).
Statistics. Unless otherwise indicated, results are expressed as mean ± SD of 3 independent experiments. P values were determined by 2-tailed Student's t test. A P value less than 0.05 was considered significant.
